Main text
The vertebrate heart forms from two spatially distinct pools of cardiac progenitors that differentiate at different stages -the first heart field, which differentiates early into the embryonic heart tube (HT) and the second heart field (SHF), which differentiates later after migrating into the HT to form cardiac structures critical for mammalian cardiopulmonary circulation, including the right ventricle, pulmonary artery, and atrial septum (reviewed in 13 ). The juxtaposition of SHF cardiac progenitors (blue region) and differentiating cardiomyocytes in the HT (red region) thus provides a unique system for investigating the spatiotemporal regulation of cardiomyocyte differentiation (Fig. 1a) .
Active Hh signal is sent from pulmonary endoderm to the adjacent SHF and is required in the SHF for the genesis of SHF-derived structures [14] [15] [16] . Hh signaling is excluded from the heart itself [14] [15] . Hh signaling is effected by the nuclear accumulation of activating GLI TFs (GLI A TFs: GLI1, GLI2 A , GLI3 A ) at the expense of repressive GLI TFs (GLI ). Gene Ontology (GO) analysis of these genes identified terms including "smoothened signaling" and progenitor-specific developmental terms including "pattern formation", "morphogenesis", and "regionalization" (Fig. 1d ). In contrast, upregulated genes in the Shh mutant pSHF included cardiomyocyte differentiation products such as Myl3, Tnni3 and Nppa (Fig. 1b, Extended Data Fig. 1a -b, e). GO analysis on upregulated genes identified terms associated with cardiomyocyte differentiation, including "muscle cell differentiation", "myofibril assembly", "sarcomere", "myofibrils", and "cardiac muscle tissue development" (Fig. 1d ). These findings suggested that Hh signaling in the pSHF activated progenitor-specific gene expression but repressed cardiomyocyte differentiation-specific gene expression. Indeed, genes downregulated in the Shh mutant pSHF were normally more highly expressed in the pSHF compared with the HT, whereas genes upregulated were normally more highly expressed in HT compared with pSHF ( Fig. 1c ). These observations suggested that Hh signaling maintained progenitor gene expression and prevented cardiomyocyte differentiation gene expression in the pSHF.
We hypothesized that removal of Hh signaling from the SHF would affect cardiac progenitor differentiation status in-vivo. We observed precocious differentiation of the pSHF, based on the inappropriate expression of sarcomeric myosin (MF20) in the pSHF and lack of mesenchymal cells migrating into the heart from the pSHF (yellow arrowhead) in Shh -/-mice, compared to wild type littermate controls at E10.5 (Fig. 1e) .
Shh -/-embryos demonstrated CHD (atrioventricular septal defects) at E14.5, consistent with previous reports [17] [18] [19] [20] . We predicted that Hh-dependent differentiation control in the SHF was exerted through Hh effector GLI TF activity. We predicted that ectopic GLI Fig. 2b-d) . By Day 12 of differentiation, however, beating foci number and cTnT expression had recovered in GLI1 OE cells, compared to control cells ( Fig. 2e-g ). Fig. 4a-b ). GO terms associated with genes induced by GLI1 at Day 6 included progenitor terms such as "developmental programs", "cell division" and "growth factor activity", while those associated with genes down-regulated by GLI1 OE included differentiation terms such as "differentiation", "cardiomyopathy" and "the sarcomere" (Fig. 2h) . After doxycycline was removed from the media and differentiation proceeded, We hypothesized that GLI A maintains cardiac progenitor status by promoting gene expression directly at progenitor-specific cis-regulatory elements (CREs). We identified candidate cardiac progenitor-specific and cardiomyocyte-specific cisregulatory regions by comparing accessible chromatin regions in the embryonic pSHF and HT at E10 using ATAC-seq 27 . De novo motif analysis on pSHF-specific accessible regions revealed enrichment for binding sites of mesoderm and progenitor-specific transcription factors, such as TCF/LEF, HOXC10, and TWIST1, while HT-specific regions were enriched for cardiac TF motifs, including GATA6, NKX2-5 and TBX5, indicating that chromatin organization in cardiac progenitors and cardiomyocytes reflects the distinct gene expression programs activated in each tissue (Fig. 3a) .
Importantly, we observed strong enrichment of GLI and GLI-similar (GLIS) binding motifs in pSHF-specific regions, relative to HT-specific regions (Fig. 3c , Hs GLI2
adjusted P-value = 3.74e -20 ). These results suggest that Hh signaling may direct a progenitor gene expression program in the pSHF through direct GLI A regulation from
CREs accessible in the progenitor state.
GLI
A motif enrichment at pSHF-specific accessible chromatin regions could reflect passive localization of GLI A to previously accessible sites or GLI A localization causing active chromatin remodeling and increased accessibility specifically in cardiac progenitors. We investigated the consequence of GLI A expression on chromatin accessibility by comparing the ATAC-seq profile of GLI1 OE cardiac progenitors to control cells at Day 7. We found 8,001 newly accessible regions upon GLI1 OE in cardiac progenitors (Fig. 3b) . De novo motif analysis of GLI1 OE-specific accessible chromatin regions revealed strong enrichment for Hh-dependent FOX TF motifs, while control-specific regions were enriched for motifs of blood and cardiac lineage-specifying TFs, including TAL1 and NKX2-5. Interestingly, GLI1 OE-specific regions were also enriched for ZFX and HIC1 binding motifs, two transcription factors known to cooperate with GLI TFs to prevent neuronal differentiation and propagate Hh-activated medulloblastoma 28-29 . Similar to pSHF-specific accessible regions, GLI1 OE-specific peaks were enriched for GLI binding motifs, relative to control cells (Fig. 3c) . Strikingly, GLI1 OE-specific accessible chromatin regions were highly overrepresented in pSHFspecific regions compared to HT-specific regions (Extended Data Fig. 5a ), suggesting that GLI A expression in cardiac progenitors in vitro promotes the global adoption of pSHF-like progenitor cell chromatin organization.
To investigate the progenitor-specific mechanism by which GLI A controls the expression of Hh target genes, we examined the locations of accessible regions specific for GLI1 OE progenitors. Putative CREs near Hh-dependent genes containing known GLI binding sites 21 were transformed from inaccessible in control cells, as in the HT, to accessible, as in the pSHF, upon GLI1 OE ( Fig. 3d green boxes, region upstream of the Hh target, Ptch1). While chromatin at the promoters of direct GLI1 targets, such as Gli1
and Foxf1, were rendered more accessible upon GLI1 OE (Extended Data Fig. 5b -c),
we observed that the majority of chromatin reorganization occurred at regions distal to transcriptional start sites (Fig. 3e) . We therefore examined the concordance between the ATAC-seq signal intensity at accessible distal CREs in control and GLI1 OE cardiac progenitors in vitro and embryonic pSHF and HT in vivo. Pearson correlation analyses indicated increased similarity between pSHF and ESC-derived cardiac progenitor CRE accessibility profiles upon GLI1 OE (Fig. 3f) . Conversely, the correlation between HT and ESC-derived cardiac progenitors decreased due to expression of GLI1 (Fig. 3f ).
These observations indicate that GLI A promotes cardiac progenitor-specific chromatin accessibility at distal CREs, a potential mechanism for maintaining progenitor-specific gene expression of Hh target genes.
We hypothesized that the transition from GLI A to GLI R dominance during differentiation functioned as a molecular switch at distal progenitor-specific CREs to turn off progenitor-specific gene expression. We previously identified a GLI-bound distal CRE upstream of the SHF Hh target gene Foxf1 16 . This enhancer dives SHF-specific reporter expression but is silenced in the heart in vivo, and therefore represents a progenitor-specific CRE and candidate for GLI A (pSHF) to GLI R (HT) transitional switch.
The CRE contains 3 GLI-binding sites and binding sites for other cardiac TFs including 3 for TBX5 16 . TBX5 activated reporter expression from the CRE in vitro using a luciferase transcriptional reporter assay in HEK 293T cells (Fig. 4b) . Co-transfection of GLI1 with TBX5 dramatically enhanced transcriptional activation (Fig. 4b) . Conversely, co-transfection of GLI3 R with TBX5 silenced TBX5-dependent transcriptional activity ( Figure 4B ). These results suggested that the ratio of GLI A to GLI R TF abundance was a dominant predictor of CRE activity, establishing a functional high-to-low switch as cardiomyocytes differentiate. This hypothesis predicted that GLI binding site would be required for switching CRE expression from on in progenitors to off in the heart. The GLI-bound, Hh activated Foxf1 CRE demonstrated SHF-specific activity in vivo 16 . In Inducible expression of an hsp68-lacZ hybrid gene in transgenic mice.
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Methods

Animal Husbandry
Mouse experiments were completed according to a protocol reviewed and approved by lines were reported previously.
Embryo transcriptome profiling
The pSHF was microdissected from five individual E10. 
Histology
Activation of CreER T2 was accomplished by intraperitoneal injection with 2 mg tamoxifen (TM) per dose in corn oil to pregnant dams, as previously described 15 .
Pregnant ROSA26 females were dosed at E7.5, E8.5 and E9.5, and histological studies were performed at E14.5. Embryos were harvested and fixed in 4% paraformaldehyde overnight at 4ºC, and then processed for paraffin sectioning. 5um
sections were then stained with hematoxylin and eosin to reveal the structural morphology of the atrial septum in mutant and control embryos.
mESC line generation and differentiation culture
To generate an inducible GLI1 mouse embryonic stem cell (mESC) line, the coding sequence for mouse Gli1 was inserted into the Hprt locus of A2Lox.cre mES cells using a method previously described 42 . Individual clones were assessed for differentiation potential and doxycycline-inducibility (data not shown). One clone was chosen and used for all experiments described herein, and all experiments were performed at the same passage number. mESCs were maintained and differentiated into cardiomyocytes as previously described 23 .
For GLI1 overexpression experiments, doxycycline (Sigma D9891) was added to cultures at the cardiac progenitor stage (Day 5). Cells were then washed and media was changed after 24hrs of exposure to doxycycline. qPCR and western blots were performed, as described above, on Day 6 samples to assess the expression level of 
Chromatin profiling
Assay for transposase-accessible chromatin was performed as previously described 27 .
Briefly, the pSHF and HT were microdissected from CD1 embryos, pooled into three replicates, and dissociated with TrypLE (ThermoFisher Scientific 12605-010). For mESC samples, 150,000 cells were collected from two replicate GLI1 OE and control samples. Embryo and cell samples were then lysed, as described 27 , and transposition was carried out at 37C for 30 minutes with Illumina's Nextera DNA Library Prep kit (Illumina 15028212). Libraries were generated from transposed DNA and sequenced on an Illumina HiSeq4000 instrument in the University of Chicago's Genomic Facility. Data were analyzed with FastQC and mapped to the mouse genome (mm9) with Bowtie2 using default parameters. Peaks were called for all samples with MACS2 47 using the following parameters: -q 0.05 --nomodel --shift -100 --extsize 200 --nolambda --keepdup all --call-summits... Peak sets from biological replicates were overlapped with the Bedtools 48 intersect tool to identify replicated peaks. Peaks sets generated from regions present in both replicates were then intersected to identify regions specific to each tissue type. For motif analysis, the summits from replicated regions were extended ±250bp, and sequence was retrieved for these regions. De novo and targeted motif (GLI and GLI-similar) enrichment analysis was then performed using the MEME Suite of tools 49 with a randomized or shuffled background. Pearson's correlation was calculated for read enrichment within region subsets in R and data were visualized with ggplot2 50 .
To compare GLI1 OE-specific accessible chromatin regions to embryonic pSHF accessible regions, a Monte Carlo simulation was run. The number of overlapping GLI1
OE-specific and pSHF-specific regions was determined. Next, the combined embryonic regions (pSHF + HT) were used as the background from which 1000 random samplings were taken. These samplings were then overlapped with GLI1 OE-specific regions, and the P-value was calculated as: P = (# overlaps simulated > overlaps observed) + 1 / number of simulations + 1.
Luciferase Assays
Expression vectors for mouse Gli1, Gli3T and Tbx5, as well as a luciferase vector containing the Foxf1 enhancer were previously described 16 . Expression and reporter vectors were transfected into HEK293T cells using FuGENE HD (Promega E2311).
Cells were cultured for 48 hours after transfection, then lysed and assayed using a Dual-Luciferase Reporter Assay system (Promega E1960).
Transient transgenics
The Foxf1a enhancer and minimal promoter used in the luciferase assays were subcloned from the pENTR vector into the Hsp68-LacZ vector 51 using the Gateway system (Invitrogen). GLI binding sites were mutated using the Agilent QuikChange Multi site-directed mutagenesis kit (Agilent 210515-5). The resulting constructs were digested with NotI enzyme to remove the pBlueScript backbone, gel-purified, injected into fertilized mouse eggs at the University of Chicago Transgenics Core Facility and implanted into female mice. Five embryos were harvested at E9.5 and stained as described previously 15 . 
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